Values of binary mutual diffusion (interdiffusion) coefficients, obtained by using the Taylor dispersion method, for aqueous solutions of γ-cyclodextrin in the concentration range from (0.002 to 0.010) mol · dm -3 and temperatures (298.15 and 310.15) K are reported. From these experimental results, the hydrodynamic radius values for the γ-cyclodextrin are estimated. Also, the measured diffusion coefficients are used with both Hartley's and Gordon's equations to estimate activity coefficients for aqueous γ-cyclodextrin. These studies are complemented by some density and viscosity measurements, carried out at the same range of concentrations and temperatures. The effect of both the viscosity of the medium and the formation of γ-cyclodextrin dimers on the estimated hydrodynamic radius is discussed.
Introduction
As it is well-known, cyclodextrins consist of various glucopyranose units (six, seven, and eight for R-, -, and γ-cyclodextrin, respectively) condensed under the form of a truncated cone ring. 1, 2 Because the primary and secondary groups of the glucose units point to the external part of the structure, cyclodextrin molecules have a hydrophilic external surface but a largely hydrophobic internal cavity which makes available the formation of inclusion complexes with a wide variety of organic and inorganic compounds in different solvents (including water). [3] [4] [5] [6] [7] This capability has been of assistance for different applications in food technology, pharmaceutical, and chemical industriesaswellasinagricultureandenvironmentalengineering. [8] [9] [10] [11] Generally, the thermodynamic stability of inclusion compounds depends on three facts: the size of host and guest molecules (normally, the highest association constants are being found for host-guest complexes that fit in a tight way 5 ), the dehydration of host molecules, and the removal of water molecules from the cyclodextrin cavity. Consequently, complex formation involving γ-cyclodextrin is not a favorable process because it has a large cavity volume (510 Å 3 ) when compared with those for R-and -cyclodextrin [(176 and 346) Å 3 , respectively]. Therefore, in the last years, the use of γ-cyclodextrin has grown for applications involving large guests like DNA, 12 surfactants, 13 and polymers 14, 15 and, in general, in the pharmaceutical and biomedical fields. [16] [17] [18] Diffusion coefficients for some aqueous cyclodextrin solutions at 298.15 K have been reported, [19] [20] [21] [22] but as far as the authors know, no data on mutual diffusion coefficients of γ-cyclodextrin for the same concentrations at (298.15 and 310.15) K for in vivo pharmaceutical applications are available. We are particularly interested in data on the diffusion and on the viscosity of γ-cyclodextrin in aqueous solutions, especially at the physiological temperature and in a low concentration range, correspondingly to the therapeutic dosage.
In this study, we report values of mutual diffusion (interdiffusion) coefficients D, measured by the Taylor dispersion method, for γ-cyclodextrin aqueous solutions in the concentrations range from (0.002 to 0.010) mol · dm -3 and temperatures (298.15 and 310.15) K. From these experimental mutual diffusion coefficients, the hydrodynamic radii of this cyclodextrin were estimated, and the possible presence of γ-cyclodextrin association structures was evaluated. On the other hand, the measured diffusion coefficients were used with both Hartley's and Gordon's equations to estimate the activity coefficient values for these aqueous carbohydrate solutions.
Also we have measured densities and viscosities for aqueous solutions of γ-cyclodextrin at both the same concentrations (from (0.002 to 0.010) mol · dm -3 ) and temperatures [(298.15 and 310.15) K]. These measurements intend to contribute to a better understanding of the diffusion behavior of this carbohydrate in aqueous solutions.
Experimental Section
Materials. γ-Cyclodextrin (Sigma, pro analysi > 98.5 %) was used as received. Conductivity-grade water (κ 0 ) 5 · 10 -7
Ω
-1 · cm -1 ) was used as solvent. The solutions for the diffusion measurements were prepared in calibrated volumetric flasks. They were freshly prepared and deaerated for about 30 min before each set of runs. The uncertainty concerning their compositions was usually within ( 0.02 %.
The solutions for the density and viscosity measurements were made up by direct weighing, and correcting in vacuo, both the solute and water by using a Mettler AE240 balance with a resolution of ( 0.0001 g. The uncertainty concerning their composition was usually within ( 0.02 %.
Diffusion Measurements. The determination of diffusion properties, through the dispersion methods, involves injecting a small quantity of a given solution within the pale of laminar carrier streams of either solvent or solution flowing all along a capillary tube. [23] [24] [25] [26] [27] In the present study, we used a Teflon tube whose length, 3.2799 (( 0.0001) · 10 3 cm, was directly measured with the help of two high-quality theodolytes. 21 The radius of the tube, 0.05570 (( 0.00003) cm, was calculated by accurately weighing (resolution 0.1 mg) the tube empty and filled with distilled water.
For each run, 0.063 cm 3 of a given solution was introduced, through the six-port Teflon injection valve (Rheodyne, model 5020), into the laminar carrier stream of slightly different composition. The flow rate (0.17 cm 3 · min
) was kept by using a metering pump (Gilson model Minipuls 3) to reach a retention time of about 1.1 · 10 4 s. The equipment was maintained at (298.15 and 310.15) K (( 0.1 K) with the assistance of an air thermostat.
The control of the samples injected by dispersion was done by using a differential refractometer (Waters model 2410) placed at the dispersion tube outlet. Voltages, V(t), were accurately measured at 5 s intervals with a digital voltmeter (Agilent 34401 A) supplied with an IEEE interface. Binary diffusion coefficients were calculated by fitting the measured voltages to the dispersion equation
where t R , V max , V 0 , and V 1 are the additional fitting parameters: mean sample retention time, peak height, baseline voltage, and baseline slope, respectively. The difference in concentration between the injected solutions (c j + ∆c) and the carrier solutions (c j) was always 0.010 mol · dm -3 or even less. To prove the independence, from the initial concentration difference, of the measured diffusion coefficients, various experiments were performed for each carrier solution by using different injected solution concentrations.
Density Measurements. The density of the γ-cyclodextrin solutions was determined by pycnometry. The volume of the pycnometer, approximately 20 mL, was previously calibrated with water. 28, 29 The pycnometer filled with the sample solution was kept in a transparent-walled circulating-water bath, furnished with a heating/cooling system, for at least 2 h to achieve thermal equilibrium. Afterward, a set of six weighing values was obtained for each sample solution. The elapsed time between two consecutive weighings was 30 min, approximately. At all the times, the temperature was controlled with an uncertainty of ( 0.01°C by using both a mercurial and a digital thermometer.
The density for each solution studied was determined as the mean value of at least four weighings. The values thus obtained have an uncertainty less than 0.01 %.
Viscosity Measurements. The viscosity measurements were performed with an Ostwald-type viscometer, previously calibrated with water. [30] [31] [32] As occurred with the density measurements, after 2 h immersed in the same water-thermostat bath, a set of six replicate flow time measurements were carried out. The arithmetic mean value of at least four of these flow times was taken to calculate the viscosity of the solution sample. The efflux time was determined by using stopwatches with a resolution of 0.2 s. Viscosity values were reproducible within ( 0.1 %. . For each carrier solution, four profiles were generated by injecting samples that were more or less concentrated than the carrier solution (uncertainties of (1 to 2) %).
Results and Discussion
The concentration dependence of the measured diffusion coefficients is accurately represented (correlation coefficient deviations < 1 %) by the linear equation Table 2 together with the standard deviation of the fitting.
Concentration Dependence of D. As can be observed, these D values in Table 1 decrease with concentration, mainly at 310.15 K. This behavior is equal to that found for R-and -cyclodextrin 22 with drifts, at 298.15 K, of the same order in all cases. This decrease is usually considered as a result of both the viscosity change of the medium and the appearance of solute-solute aggregates when the concentration increases.
For dilute solutions of nonionic and nonassociating solutes (for which changes in the viscosity with concentration as well as the solvent counterflow with respect to the solute could be disregarded), the concentration dependence of the mutual diffusion coefficient is usually analyzed through the Hartley equation
with γ being the solute thermodynamic activity coefficient. This equation has the same structure as eq 2 with: (d ln γ)/dc ) A, so that the data of Table 2 are pertinent with this analysis. However, the Hartley equation neglects the solution viscosity variation with concentration, which for these solutions becomes relatively important so that it would be taken into account. As a consequence, these mutual diffusion coefficient data were also analyzed through the Gordon equation
in which the relative viscosity coefficient is introduced as a factor responsible of the changes observed, with concentration, in the D value. The values found for D 0 and parameter A () (d ln γ)/dc), obtained by a least-squares method, are also collected in Table 2 . As can be observed, the values of D 0 are coincident, but those for the parameter Aare different.
For dilute solutions of R-and γ-cyclodextrin (for which the molarity c and molality m values are practically identical), Miyajima et al. 35 have shown that the activity coefficient data are accurately represented by the equation
with B ) -1.17 at 298.15 K. By combining either Hartley's or Gordon's equations with eq 5, activity coefficients can then be estimated from the concentration dependence of the ratio D/D 0 . The values thus obtained for the activity coefficients of γ-cyclodextrin are shown in Table 3 . As can be seen, nonsignificant differences are observed from the use of both the Hartley and Gordon equations. From the decrease observed in the values of this parameter, it can be followed that the solute-solute interactions are favored with respect to the solute-solvent ones in this range of concentrations.
Densities and Viscosities of γ-Cyclodextrin Solutions. Experimental density values, F, are reported in Table 4 for the different concentrations and temperatures studied. These values were adequately fitted (with R 2 values very close to 1), using a least-squares regression method, by the equation Table 5 , together with both the correlation coefficient value, R 2 , and the standard deviation of the fitting, σ. As can be observed, the values obtained for the pure water density, at both temperatures studied, agree very well with those collected in the literature.
28,29 Figure 1 shows the plot of the experimental density values against molarity. As can be clearly seen, the lines found exhibit a monotonous increase with concentration which is practically independent of the temperature studied (both lines are almost parallel). The positive values found for the b 2 coefficient can be mainly connected with the high structure-making capacity of γ-cyclodextrin, which would get to a larger packaging of the solution when the solute concentration increases.
Measured viscosity values, η, are collected in Table 6 for both the concentration and temperature ranges studied. These experimental values were fitted by using a least-squares regression method. For that purpose, two different relationships were used: the first one was derived from the Jones and Dole equation 36 
)]}); η 0 and c being the viscosity value for pure water and the molarity, respectively, and the a and b coefficients are mainly related, in that order, to the solute-solute and solute-solvent interactions taking place in the solution. For a nonelectrolyte, Jenkins and Marcus 37 proved that the a coefficient is negligible and, consequently, that the square-root term can be disregarded. As a result, the ensuing linear equation for the fitting was η/cp ) η
The second equation used was derived from the empirical extension proposed by Kaminsky, 38 after considering negligible the squareroot term:
)]}, where the d coefficient can be correlated with the presence of solute-solute interactions. The optimized coefficients found for both temperatures studied are shown in Table 7 (together with both the values for σ) and plotted in Figure 2 .
Let us first analyze Figure 2 . As was expected, a monotonous rising with concentration is observed. Nevertheless, such rising is significantly much smaller than that for other (R-and -) cyclodextrins. This different enhancement ought to be related to the larger size of the γ-cyclodextrin hydrophobic cavity and, as a consequence of it, to the greater structure-making capability of this most open cyclodextrin, on the water network, which facilitates the movement in the bulk solution. On the other hand, the lines obtained for both temperatures are almost parallel (although the slope is small when the temperature goes up), which indicates that the temperature effect on the viscosity change in the medium is similar in the considered temperature range. Notwithstanding, looking at the results in Table 7 , it can be seen that both equations fit quite well the viscosity experimental data. However, it is important to notice that while at 298.15 K the extrapolated η 0 value found by using the quadratic relation completely agrees with the literature, to reproduce the corresponding value at 310.15 K [30] [31] [32] it is necessary to use the linear correlation equation. Moreover, the value of the d parameter decreases with temperature (it appears positive at 298.15 K but negative at 310.15 K) which results in a negative value of ∂d/∂T. Despite the large uncertainty that accompanies this d parameter (see Table 7 ), such a result would seem to indicate that the solute-solute interactions (which can result in the aggregate stabilization) are enhanced, in this low concentration range, despite the thermal motion.
Hydrodynamic Radius of γ-Cyclodextrin. As is well-known, the Stokes-Einstein equation 33 
D/(10
established a link between the diffusion process of a solute (through its D coefficient) in a solvent (which is considered as a continuum fluid characterized by its macroscopic viscosity value, η). k B and T are the Boltzmann's constant and temperature, respectively, and r s is the effective kinetic radius of the solute. Although this relation can only be considered as an approximated one (mainly arising from the fact that questions concerning the structure of both the solute kinetic species and the solvent are disregarded), it can be used to derive some valuable information about changes occurring in the solvation of the solute and, therefore, in the radius of the moving species. Thus, eq 6 can be rearranged in the form
showing a reciprocal dependence between the grouping (Dη/T) and the effective hydrodynamic radius r s . If this radius keeps constant when the medium viscosity changes, the right-hand side in eq 7 ought to be constant, which would mean that the diffusion process is solely controlled by the viscosity of the medium. In Table 8 , the values of (Dη/T) as well as those for the corresponding r s are collected. As can be seen, such constancy is not observed, with the discrepancies being greater for the highest temperature. Nevertheless, it is necessary to indicate that at infinitesimal concentration the variations observed in D 0 η 0 /T and r s with temperature are relatively small (less than 2 %, which is within the imprecision of the diffusion measurements). A similar situation occurs in the case of the values found for solutions of finite concentration at 298.15 K (approximately 1 %). On the contrary, at 310.15 K, such discrepancies are important (around 6 %).
By keeping caution, let us analyze these deviations from the relative values for the grouping (Dη/T) at the different concentrations, with respect to that present at infinitesimal concentration, a situation for which solute-solute interactions are not present (since the solute-solute interactions between nonelectrolytes are only of short range). That is, the ratio
where η 0 stands for the water viscosity value at temperature T. Under the supposition of constant r s , the relative ratio in eq 8 would be equal to 1 in the case of viscosity control. On the contrary, a constant decrease of these values with concentration is observed (Table 8) , especially at 310.15 K. This behavior indicates that the decrease in D with concentration is not adequately compensated by the viscosity increase of the medium, and hence, it would be necessary to take into account any other effect.
At this point, we have to bring attention to some approximations included in the Stokes-Einstein relation. On the one hand, the replaced viscosity value concerns the bulk solution instead of the local one in the neighborhood of the solute molecules, whose presence may affect the solvent structure and, consequently, its viscosity. Besides, the shape of the solute molecule is far from being spherical.
Despite these limitations, in the light of the deviations observed for (Dη/T) rel , it could be asserted that in all probability r s , away from being constant, is influenced by the change in the solution concentration, this being a bigger influence at 310.15 K. The presence of any kind of associative phenomena has been pointed out for R-cyclodextrin and -cyclodextrin. 22 Moreover, the same authors consider that a close behavior may be expected for γ-cyclodextrin dilute solutions since their structures are quite similar. In view of our results, it is possible to ensure, prudently, that dimer structures of γ-cyclodextrin are increasingly present in solution at this low concentration range. Such presence would justify the effective rising in r s and, correspondingly, the fall in the mobility, (Dη/T) rel .
Conclusions
(1) Diffusion coefficients measured for aqueous solutions of γ-cyclodextrin provide transport data necessary to model the diffusion in pharmaceutical and engineering applications.
(2) From the decrease in the values found for the different parameters reported here (the (Dη/T) rel ratio, the estimated activity coefficients, density and viscosity of the solutions), the presence of γ-cyclodextrin dimers can be assumed.
(3) The change in the viscosity follows the increasing usual pattern with concentration, but is sensibly less pronounced than for the other (R-and -) cyclodextrins for the same concentration range. This behavior can be attributed to a greater structuremaking capability of the γ-cyclodextrin.
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